
RD-Ri46 553 CHARACTERIZATION OF SURFACE ELECTRONIC PROPERTIES OF i/I
SEMI-INSULATING INP(U) CALIFORNIA UNIV SAN DIEGO LA
JOLLR DEPT OF ELECTRICAL ENGINEE.. H H WIEDER

UNCLASSIFIED 26 SEP 84 N@0814-82-K-2032 F/G 28/12 NL

IIIIIIIIIIIIII,
lllII~lll

I flfflfllflfflfl~.9m



k - -"'""'" - l. ..-" 
L - = ' ' v ' '' -  ' - .-'zw-r " -,-4,. _._ ,O _N 7.T.. -. .=: _, ._ --- - .- -- " - -.- - - . . ...-- _

.
o 

2.

ILI ka

1.0.

JL6i
At

jjLJ.2 EM 2.0

1111.8

-p1111IL2 
1.4 1.6

'OPY RESOLUTION TEST CHART

di

--. .. . - - . - . - . " - • - - -..



SECURITY CLASSIFICATION OF THIS PAGE (Msen Vee Fmtered)

R ' PAGE READ INS'rRuCrioNS
" REPORT DOCUMENTATION PAGE BEFORE COMPLXTING FORM

1 . REPORT NUM 3ER {2. GOVT ACCESSION Nf. 3. RECIPI ENT'S CATALOG NUMBER-

4. TITLE (and Subtitle) S. TyPZ OF REPORT & PERIOD 0,.. V D

Characterization of Surface Electronic Final Report
Properties of Semi-Insulating InP May 1, 1983 to April 30,1984

M ' 6. PERFORMING Oqo. REPORT NLMBER

ID 7. AUTHOR(e 6. CONTRACT OR GRANT NUMBER(s)

in
H. H. Wieder N00014-82K-2032

9. PERFORMING ORGANIZATION NAME AND ADDRESS tO. PROGRAM ELEMENT. PROJECT, TAfX
AREA & WORK UNIT NUMBERS

TUniversity of California, San Diego

Electrical Engineering and Computer Sciences Dept
*C-014, La Jolla, CA 92093

It. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Naval Research Laboratory, Code 6820 September 26, 1984
Washington D.C. 13. NUMBER OF PAGES

.13
4. MONITORING AGENCY NAME & ADORESS(i1 dilferent from ControlPng Office) IS. SECURITY CLASS. (of this report)

ONR Resident Representative Unclassified
Q-043 Univ. Calif. San Diego, La JollaCA 92093 I1,,. OFCLASS'tFICATION/DOWNGRADING
CA 92093 SCEDUE•

L
16. DISTRIBUTION STATEMENT (of tis Report)

This documen t has bee p "O

for public relectse and "aC" idistjibutiou Is unlUE&

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20. if different from Report)

IS. SUPPLEMENTARY NOTES

EOCT 1 1184

19. KEY WORDS (Continue on revers"Ide It necesery .2nd Identify by block nuc.ber)

% Semi-insulating InPSurface and Interfacial Properties, ',;
I l-V Compound Semiconductors,

2,0. ABSTRACT (Continue on reverse side It necessary end Identify by block nuh'ber)

* C> .4he surface and interfacial charge carrier transport properties of semi-

insulating InP have been investigated. It is.shown that space charge limited
___ current flm in the presence of trapping in conjunction with charge transport
-- in the accumulation layer are present in two-terminal and three-terminal InP

structures. , ,,, , /

DD I JAN 1473 ED lION OrINOVES IS ODSOLT"

SECUR;TY CLASSIFICATION O
r 

THIS PAGE (IWhen D.1ate Fntered)

84. 10 01 080i; " 080



Characterization of Surface Electronic Properties

of Semi-Insulating InP

Annual Report for the Period: Ist May 1983 - 30th April 1984

Contract: N00014-82K-2032

Prepared for: Naval Research Laboratory

Code 6820, Electronic Material Technology Branch

H.H. Wieder

Principal Investigator

Electrical Engineering and Computer Sciences Department, C-014

University of California, San Diego, La Jolla, CA 92093

September 1984



Introduction

The evolution of device and integrated circuit applications of the III-V

semiconductors depends, in large measure, on the achievement of a better

understanding and control of the electrical properties of semi-insulating (SI)

GaAs and lnP. Epitaxial layers of these binary compounds and of their

* crystal-lattice-matched 111-V ternary and quaternary alloys are grown on these

SI substrates. Alternatively, direct ion implantation of donor and acceptor

impurities is employed to form planai monolithic integrated circuits. In

either case the devices are embedded or reside upon their respective semi-

insulating substrates whose bulk and surface properties affect the properties

of discrete and integrated circuit transistors and optical electronic

circuits. Fluctuations in device parameters on a chip and inter-chip varia-

tions must be controlled or at least understood sufficiently so that they can

be taken into account if large scale integrated (LSI) circuits based on GaAs

and InP are to be accepted for performing functions which cannot be done by

means of existing and available technologies within acceptable trade-offs in

processing, performance and cost.

A great deal of time, effort and money has been spent in producing high

quality SI GaAs containing few residual impurities and a low free carrier

concentrations. Much effort is being spent worldwide at present on processing/

low dislocation density SI boules of GaAs and processing these into wafers for

substrates. Considerably less effort has been spent thus far on producing

pure SI InP. The problem appears to be associated with residual donor impuri-

ties, of the order of 1015/cm3, in pure InP. These might probably be phospho-°

rous point defects although a clear and definitive identification has yet to

be made. In any case, a high concentration of Fe deep-level acceptor

impurities is required to compensate these donors. These impurities have a
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significant effect on the electrical properties of bulk and SI InP. They are,

therefore, of particular importance in the accumulation-type metal-insulator-

semiconductor field effect transistors[1] (MISFET) whose parameters are

strongly dependent on the surface properties of SI InP. It is to be expected,

furthermore, that these traps will have a substantial effect on the threshold

for "sidegating" and "backgating" which represent a parasitic interaction

between adjacent transistors and sets specific limits, therefore, on LSI, and

they may also affect the channel electron mobility and the dynamic response of

such MISFET.

Two-Terminal Current vs Voltage Measurements

In order to make a variety of current vs voltage (i-V) measurements on

bare (i.e. uncoated) SI InP surfaces as well as on surfaces coated with

dielectric layers, (such as those used as gate insulators in insulated gate

field effect transistors) a computer controlled system such as that shwon in

Fig. 1 was assembled. It consists of a programmable power supply (HP 6034A)

controlled by a HP-87XM microcomputer. The potential applied to the specimen

is stepped in preset increments through the desired range, allowing adequate

time for the current through it to reach a stable value. The current is

determined by monitoring the voltage developed across a small resistance R

(much smaller than that of the specimen) by means of a Kelthley 177 Microvolt

Digital multimeter whose output is read by the computer. The stored V-i data

can then be plotted subsequently by the computer.

FE-doped SI InP with chemo-mechanically polished <100> surfaces had its

electron density determined from Hall measurements (assuming single band

8 83 3 2
electronic conduction) to be n a 10 /cm and mobility Y a 1.5 xlO cm/ /V-sec

determined from resistivity measurements. Photolithographic techniques were

* * * * * * ** -1
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then used to delineate rectangular contacts made by alloying Au-Ge (in

accordance with the method described in the enclosed publication) using

* various interelectrode spacings. One specimen with ion implanted contacts

with an interelectrode spacing of 2 Pm, made at NOSC was also measured and

yielded essentially similar results. Although the contact resistance of the

ion-implanted contacts is lower than that of Au-Ge alloyed electrodes their

qualitative i-V characteristics (described subsequently) are the same.

Space Charge-limited Currents in SI InP

The experimentally derived i-V data shown in Fig. 2 are similar to those

usually measured on SI GaAs. However, to our knowledge this is the first

evidence that SI InP has an i-V characteristic in which space charge limited

currents (SCLC) may play significant roles similar to those observed on SI

GaAs[2]. Theoretical interpretations based on charge transport in insulators

in which SCLC is dominant are based on the simultaneous solution of Poisson's

equation and the continuity equation[3]. In low electric fields the current

is a linear function of the applied voltage because the free electron density

present in the insulator is much greater than that of the electric field-

dependent injected electrons from the contacts. As the injected electron

density becomes dominant the current takes on a quadratic dependence on the

applied voltage and is proportional to the inverse of the interelectrode

separation to the third power. If deep level traps within the vicinity of the

Fermi level are present then charge transport associated with trap filling is

much more complicated[4]. Beyond the linear i-V region the current rises

nonlinearly with voltage up to a value such that all the available traps which

can be charged are filled. Thereafter the current rises steeply with an

incremental increase in V up to a value where further increases in voltage

°-.-
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exhibit the quadratic dependence of i on V predicted for the trap free-

case [53. The threshold voltage for the trap-filled space-charge-limited

current rise, VTFL, is of particular importance because it coincides with the

onset of parasitic coupling between an "ohmic" contact made to SI GaAs and an

adjacent metal-semiconductor field effeet transistor (MESFET) on the same SI

substrate, i.e. SCLC measured between two contacts have an VTFL whose

magnitude is essentially identical to the threshold for "sidegating"

modulation of the drain current of a MESFET and probably a MISFET by a

potential applied to a neighboring electrode. In SI GaAs a trapping mediated

SCLC model such as that described by Lampert and Markt4J was introduced by a

number of investigators in an attempt to explain their experimental

measurements [6 . However, two major problems arose in attempting to fit the

experimentally measured i-V data to the model. It was found that the

calculated VTFL is about one order of magnitude greater than that measured and

that its dependence on interelectrode spacing is linear rather than

quadratic. While the introduction of a surface depletion region and a change

in sign of the free carriers beneath it induced, presumably, by thermal

annealing can provide [6] a fit to the experimentally measured i-V data, the -

validity of this model and its applicability to SI GaAs remains in doubt.

In at least some respects the situation is more favorable in the case of

SI InP, as shown by the curve in Fig. 2. It was calculated using the Lampert-

Mark model[7J with the measured electron density and mobility from Hall effect

and resistivity data by assuming that the dominant trap level is Fe3+ located

at -0.6 eV below the conduction band minimum. Although the experimentally

measured and calculated i vs V curves are in very good agreement and the

calculated Fe3+ acceptor density, which is of the order of -1'06/cm3 , is in

fair agreement[8] with the Fe concentration measured on similar SI InP 7
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specimens using secondary ion mass spectrometry, we have not been able, as

yet, to confirm the expected quadratic dependence of VTFL on the interelec- -

.. trode spacing. Furthermore, there is a serious question whether one-

" dimensional current flow is sufficient to explain experimental observations

such as described in our enclosed paper. A two-dimensional SCLC model was

developed by Geurst[9] and may be applicable to the planar type of structures

we are involved with. Furthermore, it does predict a linear dependence of the

threshold voltage on the interelectrode spacing such as observed experimen-

tally. However, we have not explored as yet its specific applicability to

two-terminal i-V measurements made on SI InP. A more realistic SCLC model for

SI InP and its role in device and integrated circuit functions remains to be

made as part of our current and future efforts characterizing SI InP.

Conclusions

1. We have demonstrated[10] that in high electric fields SCLC in SI InP plays

a significant role in two-terminal devices with uncoated (bare) surfaces.

2. We have demonstrated that in two-terminal devices with a dielectric coated

surface as well as in accumulation type MISFET, SCLC, in conjunction with

accumulation charge transport, plays a significant role.

3. We have demonstrated that trap-mediated SCLC is a significant factor in

surface charge transport of SI InP.

4. We believe that relatively small changes in surface potential in either

L two-terminal or in three terminal accumulation mode devices can have a

significant effect on charge transport.

5. We have not been able as yet to show a direct correlation between the time

dependence of the current observed on dielectric-coated SI InP and the

current instability observed on accumulation type MISFET.

', 7
Q
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6. We find that the time dependent drain current drift following the applica-

tion of a step function potential to the gate of a long channel

accumulation MISFET is a function of the nature of its gate dielectric

layer.

Open-ended Issues

a) It is not clear as yet what (if any) role SCLC has in accumulation type

MISFET in limiting its frequency response which is an order of magnitude

smaller then that of depletion mode MISFET.

b) The contact resistance and spreading resistance of accumulation mode

MISFETs needs to be determined and its effect on their dynamic range and

gain-bandwidth products remain to be determined.

c) The correlation between VTFL and the thresholds for sidegating and backga-

ting in MISFET and JFET made on SI InP and parasitic coupling between

devices made on a common SI InP substrate remain to be determined.

d) No direct a correlation has yet been established between the long time

constants described in the enclosed publication and drift and instabili-

ties of the drain current.

These are the specific issues slated for further investigation at UCSD.

Perhaps the most significant issue is that of understanding the nature and

characteristics of the dielectric - InP interface and major emphasis will be

placed upon it.

. . .- I'
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Figure 1. Block diagram of computer controlled current vs voltage
measurements used to determine space-charge-limited current flow
and trapping in semi-insulating InP.
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Figure 2. Log-log plot of the current vs voltage dependence of uncoated
(bare) surfaces of SI InP with Au-Ge eutectic electrodes spased
Sum from each other. The electron density n = 6.6 x 10 /cm . The

concentration of Fe impurities calculated from this curve (assuming
Fe3+ to be the main trap level) is 7.89 x 1015/cm3. Points
represent experimental measurements, curve is calculated i-V
relation using Mark-Lampert model. V TFL 36V and linear region is
shown by straight line.
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Surface properties of semi-insulating Indium phosphide)
James W. Roach and H. H. W cler

Unikruisy of Cal#nia. San Diego Electrkal Engineering and Computer Sciences Department, C-014, La
Jolla Cal fornla 92103

(Received 1 February 1984; accepted 27 March 1984)

Electrical measurements on two-terminal structures and on A-MISFETs, with 20 and 30 um
long channels, fabricated on SiO 2 or A12 0 3 coated semi-insulating InP, indicate that charge
transport between their Au-Ge eutectic contacts takes place by a combination of electron
transport in the accumulation layer and space charge limited current flow, both affected by deep
level traps. Following application of a step voltage, the total time dependence current may be 0
described qualitatively byI (t) = I0 exp( - t/"2) + Il - exp( - t 'rl], where ?r 1, and 1o is the
accumulation current.

PACS numbers: 73.60.Fw, 73.30. + y

I. INTRODUCTION This paper presents preliminary two-terminal and three-

Semi-insulating (SI) InP shows considerable technological terminal electrical measurements made on SI InP. A tenta-

promise as a substrate for making planar, monolithic, inte- tive interpretation of the data is offered which proposes that

grated circuits using metal-insulator-semiconductor field surface transport consists of SCL current affected by trap-

effect transistors (MISFErs). It may also prove to be a via- ping, combined with electron transport in the surface accu- ,.

ble substrate for electro-optic integrated circuits employing mulation layer. .0

injection electroluminescent lasers, photodiodes, and photo- I. EXPERIMENTAL
transistors made ofternary and quaternary III-V alloys hay- Devices were fabricated on - lP 12 cm, (100)-oriented, Fe
ing lattice constants compatible with InP. doped, SI InP which had been chemomechanicaily polished

Bulk, Czochralski grown, single crystal, SI InP is pro- in a bromine-methanol solution, cleaned in hot acetone,
duced by compensating its residual shallow donors with rinsed in methanol, given a detergent scrub, and deionized
deep level Fe' acceptor impurities. It is n type at room tem- water rinse. Drain-source windows were produced photo-
perature with atypical electron density n'- 10 cm- 3 , mobil- lithographically, following which Au-Ge eutectic was de-
ity p!3 103 cm 2 V s -, and typical bulk resistivity of posited by thermal evaporation. After removal of the photo-
the order of 10 7O cm. resist, these contacts were annealed at 375 "C for 15 min and

SI InP surfaces coated with a synthetic dielectric such as the current versus voltage linearity determined. Thereafter,
SiO2 or A120 3 exhibit surface accumulation' with an equilib- an -0.1 im thick SiO2 or A120 3 layer was deposited by rf
rium surface Fermi level E i _.16eV. This is essentially the plasma-assisted chemical vapor deposition procedures at
same as that of n-type, (100)-oriented InP which is slightly 300 C. Alternatively, the insulating layer was deposited'-
depleted, and is in good agreement 2- with the barrier height immediately following the contacts, then the anneal was per-
and surface Fermi level of (110)-and (100)-oriented "free" formed as before. The contact pads are rectangular, 0.5

surfaces obtained by x-ray photoemission spectroscopic mm X I mm (the narrow edge fronting the channel) with ei-
methods. ther a 20 pm long or a 30pm long channel between them.

Modulation of the surface potential in accumulation by a A-MISFET (i.e., three terminal devices) were made by the
positive potential applied to the gate of a SI lnP MISFET is vacuum deposition of an Al gate over the channel between

feasible. Such accumulation mode transistors' (A-MIS- the source and drain pads, using photolithographic proce-
FET's) are of particular importance for Use as enhancement dures to delineate the gate contour. Gate current leakage, at
type devices in high frequency and low power microwave I V, was found to be negligible, on the order of 10-" A.
integrated circuits.7 The significance of surface transport of Il. ELECTRICAL MEASUREMENTS
charge carriers in SI Inp is, therefore, self-evident. However,
relatively little is known about either the bulk or surface The insert in Fig. I shows that the current I is, to good
transport of charge in SI InP. The bulk properties of SI InP approximation, a linear function of the applied voltage V
may, in some respect, be similar to those of SI GaAs. It between Au-Ge eutectic alloy contacts made to SI laP, pri-
appears that both an affected by charge injection at the con- or to deposition of a SiO2 layer. For much higher values of V
tacts, by space-charge-limited (SCL) current flow, and by or much smaller interelectrode spacing, I has a power law
trapping some of the injected charge carriers."'- Nonethe- dependence on V consistent with SCL current flow in the - -
less, their surface properties ae likely to be quite different presence of traps' Rose" has shown that a linear I vs V
because of the different energy levels of the surface states, regime precedes SCL current flow if the density of injected
which determine the equilibrium position of their surface charge carriers is much smaller than that of the thermally
Fermi levels'--near midgp for GaAs and near the conduc- generated carriers (or that contributed by ionized impuri-
tion band edge for InP. ties).

612 & Te@1 .l .S A,,~lL ,,,(5)~hi 4spI 4 0734-211XSM/0 244WG.O @ 1094 Amein Vaman A t, $12
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14 - dt T,
2OPm n. is the total steady-state electron density and T is the time

constant required for the electric field and electron density -

1.2 to reach steady state. n, is the sum of the initial (time = 0)
electron density no due to the accumulation layer, and the

0- steady-state SCL density n,. Thus, the above equation may
1.0 -3OPM be written as

dn (no + n)-n (
Z 0.30 dt i-

with solution,

0 0 - 2= no,+ n0l --e-+/(). (2)
20 By assuming the electron mobility to be time and position

4 2independent, the time dependent current becomes
040 1 (t) = I, + I,(l - e (3)

0.20 8- This is essentially a first order approximation to the total
current, consisting of the superposition of a current Jo, a
function of the free electron density no in the accumulation

I t 4 6 8 IC
00 1 wiolta. vons I layer, and a SCL current, with a time dependent electron

100 200 300 400 500 600 density expressed by the second term in Eq. (2). Relations
time.s similar to Eq. (3) have been deduced by Baron et al. 3 for 0

FiO. I. Current vs time for two-terminal SI lnP structures after SiO, surface double injection SCL current measurements made on bulk Si
coating is applied; potential difference V= 4. V; two interelectrode spec- biased in the square law Mott-Gurney SCL regime,' and by
ings: 20 and 30 po. Insert shows typical two-terminal structure current- Dean 4 for SCL measurements made on p-type InSb.
voltage characteristics prior to deposition of SiO2 . Same interelectrode Figre 2 illustrates the time and gate-voltage dependent

evolution of the source-drain current Is of a three-terminal

(A-MISFET) structure. Its two-terminal properties were •
Figure 1 also shows that following the deposition of an qualitatively in accord with those shown in Fig. 1. For a

SiO 2 layer over the same Sl InP specimens, the current mea- constant Vs of 5 V, iDs was recorded as a function of time
sured at a constant voltage, applied in the form of a step for various values of the gate voltage VG. The data can be
function, has acquired a time dependence: It rises to a quasi- fitted by means of Eq. (3) for each value of VG. In addition,
steady-state plateau and then decays much more slowly. The since Io is assumed to be the accumulation current in the
peak currents are some two orders ofmagnitude greater than channel of the A-MISFET,and provided Io = Ioss, then the - 0 _

currents measured between the same contacts prior to depo- saturated current of the surface accumulation channel,
sition of the SiO 2. This current depends on the interelectrode o ( VG - VT)2  (4)
spacing.

From curves similar to those in Fig. 1, it was determined as shown by Wieder. 5 VT is a threshold voltage and the
that the current plateau is a function of V , where a2, and constant of proportionality K is a function of C,, (the capaci-

commonly is - 4. On the other hand, it was found that the tance per unit area of the gate insulator), the channel length I

time constant - of the rise of! (t) is essentially independent of and width z, and of the electron field effect mobility # such

V. Removal of the SiO2 layer from the lnP surface eliminates that

the time-dependent evolution of land restores the linear I- V
characteristic shown in the insert.

It is proposed here that the surface charge carrier trans-
port in Sl InP, up to and including the plateau in I(t) shown v
in Fig. 1, proceeds by a combination of SCL current flow in 1 e0.
the presence of traps, and the motion of free electrons in the ,vr.4v
surface accumulation layer. Their relative contributions a
may vary, depending on the free carrier concentration. ! 40 -v
Meiners and Wider' have shown that the equilibrium sur-
face potential of SiO 2 coated SI InP, with n = 2.2X 108 tv.ov
cm - is Vs = 0.39 V, in accumulation. Thus a small accu- 0 I 1 So ,2e 0 o -
mulation current may exist even in the absence of an appliedgate voltag ifs. potential difference is applied to such a two- i!! ):

Fto. 2. Drain current vs time as a function of gate voltage V. for an A-

terminal structure. The SCL current may be derived from MISFET with SiO 2 gate insulator and 20pm long channel. Drain-source

the first order assumption that the time dependent electron potential is 5 V. Circles represent least-square fit of data to Eq. (31 using

density n is described by r,!=20 s.

, Ves. 8 Tec*hnl I, V L. No, J, July-S t. .N4
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K =C.js/2. (5) 2)

In accordance with Eq. (4), Fig. 3 shows that Io"2 is a linear
function of VG, at least down to gate voltage comparable to 90 so - V.Ol5v
VT. The slope of 1J/2 vs VG yields K, and assuming the di- s o-

electric constant of the SiO2 layer is 3.9, the field effect mo- v .4v0

bilitypj=.900 cm2/V s, a value consistent 6"16 with that deter- 40 Vs1.2v"

mined on A-MISFET of smaller dimensions using either 20 vs O

Au-Ge or ion-implanted source and drain contacts.
In Fig. 2, no decay of I(t) is evident, in contrast to experi- 0 4 0 120 IO 200 M0

mental data obtained on A-MISFET's of smaller dimen- times
sions6'16 but in accordance with 1(t) in Fig. 1, for tO300 s. FIG. 4. Drain current vs time as a function of gate voltage VG for a A-
Figure 4, on the other hand, shows that an A-MISFET of the MISFET with A120 3 gate insulator and 20ism long channel. Drain-source

same dimensions as that which yielded Fig. 2, but having an potential is 5 V. Dashed lines represent least-square fit of data to Eq. (7)

Al20 3 gate insulating layer of comparable thickness, con- using r2_96o s.
curs with the measurements made on smaller devices' 6:1(t) is
dominated by the decay following an initial rise to its peak ly fitted to this expression. Figure 5 indicates that this device,

value o. The origin oflo is again assumed to be due to surface too, yields the expected linear dependence of 102 on VG. S
accumulation. It is thought that more generally, the current may be ex-

If the decay in I(t) is attributed to the charging of traps pressed as a superposition of Eqs. (3) and (7) as

with a very long time constant r2, then with Q, being the I (t) = I,(l - e - ,/"') + loe - I/r,. (8)
trapped charge (assumed to be zero initially), It may be seen that Eqs. (3) and (7) are special cases of Eq. (8),

dQ, Q, = (6) which depend upon the relative contributions of the accu-
d- - mulation SCL, and trapping mechanisms. Returning for a• -dt T2

from which may be obtained a time dependent current of the moment to Fig. 1, one may see that both the SCL current
-form, rise, and, at longer time, the trap-related decay are in evi-

d-.' dence, in qualitative agreement with Eq. (8).

I (t)= ±O, =1oe-"2. (7) _-__ _.id t 120 12

Figure 4 demonstrates that experimental data can be rough-

0 too - o1
70 - ~0

60 - O9 80 50 l
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S60 -
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Fio. 3. Saturated drain current) 0 vs V (circles) and I / vs V7 (squares) for Fjo. S. Saturated drain current Io vs VG (circles) and IY vs Vv (squares) for
-e ampe as Fig. 2. Solid curve represents least-square fit of data to Eq. same sample as Fig. 4. Solid curve represents least-square fit of data to Eq.
(4) with Kzc3VOpA/V1 and Vr_,0. I V. (4) with K =43MuA/V' and Vr - 0.7 V.
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IV. DISCUSSION drift in A-MISFErs. In this model, developed by Good-

From the data herein presented, it appears that SCL cur- nick" et aL, electrons from the InP channel tunnel ther-

rents may contribute a significant fraction of the current mionically to a conducting In203 layer within the native ox-

flowing in the surface of dielectric-coated SI InP in weak ide, under the influence of the gate potential. The data in Fig.
accumulation and small to moderate applied electric fields. 4 can be fitted by this model as well. It is, however, not yet

It is premature as yet to try to develop a model of the corn- evident how such a mechanism might affect the decay of(t)

bined accumulation and SCL current flows. The data pre- in two-terminal structures such as described here.
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Electrical measurements on two-terminal structures and on A-MISFErs, with 20 and 30,"m
long channels, fabricated on SiO2 or A120 3 coated semi-insulating InP, indicate that charge
transport between their Au-Ge eutectic contacts takes place by a combination of electron
transport in the accumulation layer and space charge limited current flow, both affected by deep
level traps. Following application of a step voltage, the total time dependence current may be .0
describedqualitativelybyl(t) = loexp( - t/2) + 1,[l - exp( - Itrl], where -"2", andlois the
accumulation current.

PACS numbers: 73.60.Fw, 73.30. + y

L INTRODUCTION This paper presents preliminary two-terminal and three-

Semi-insulating (SI) InP shows considerable technological terminal electrical measurements made on SI InP. A tenta-

promise as a substrate for making planar, monolithic, inte tive interpretation of the data is offered which proposes that

grated circuits using metal-imulator-semiconductor field surface transport consists of SCL current affected by trap-

effect transistors (MISFETs). It may also prove to be a via- ping, combined with electron transport in the surface accu-
ble substrate for electro-optic integrated circuits employing mulation layer. 0.

injection electroluminescent lasers, photodiodes, and photo- II. EXPERIMENTAL
transistors made ofternary and quaternary Ill-V alloys hay- Devices were fabricated on - 10 17 cm, (100)-oriented, Fe
ing lattice constants compatible with InP. doped, SI InP which had been chemomechanically polished

Bulk, Czochralski grown, single crystal, SI InP is pro- in a bromine-methanol solution, cleaned in hot acetone,
duced by compensating its residual shallow donors with rinsed in methanol, given a detergent scrub, and deionized
deep level Fe+ acceptor impurities. It is n type at room tern- water rinse. Drain-source windows were produced photo-
perature with atypical electron density n= 10' cm - 

, mobil, lithographically, following which Au-Ge eutectic was de-
ityu3 x0 3 cm 2 V - s - , and typical bulk resistivity of psited by thermal evaporation. After removal ofthe photo-
the order of I0' 42 cm. resist, these contacts were annealed at 375 "C for 15 min and

SI In? surfaces coated with a synthetic dielectric such as the current versus voltage linearity determined. Thereafter,
SiO 2 or A120 3 exhibit surface accumulation' with an equilib. an -0. 1 pm thick SiO 2 or A120 3 layer was deposited by rf
rium surface Fermi level E ,_--0. 16 eV. This is essentially the plasma-assisted chemical vapor deposition procedures at
same as that of n-type, (100)-oriented InP which is slightly 300 C. Alternatively, the insulating layer was deposited'
depleted, and is in good agreement' with the barrier height immediately following the contacts, then the anneal was per-
and surface Fermi level of (l10)-and (100)-oriented "free" formed as before. The contact pads are rectangular, 0.5
surfaces obtained by x-ray photoemission spectroscopic mm X I mn (the narrow edge fronting the channel) with e-

- methods. ther a 20pm long or a 30prm long channel between them.
Modulation of the surface potential in accumulation by a A-MISFET (i.e., three terminal devices) were made by the

positive potential applied to the gate of a SI InP MISFET is vacuum deposition of an Al gate over the channel between
feasible. Such accumulation mode transistors' (A-MIS- the source and drain pads, using photolithographic proce-
FET's) are of particular importance for use as enhancement dures to delineate the gate contour. Gate current leakage, at
type devices in high frequency and low power microwave I V, was found to be negligible, on the order of 10-" A.

,..: integrated circuits. 7 The significance of surlace transport of .EC AL A MN
charge carriers in SI InP is, therefore, self-evident. However, Ill ELECTRICAL MEASUREMENTS

relatively little is known about either the bulk or surface The insert in Fig. I shows that the current I is, to good
transport of charge in SI InP. The bulk properties of SI InP approximation, a linear function of the applied voltage V " -"
may, in some respects, be similar to those of SI GaAs. It between Au-Ge eutectic alloy contacts made to Sl InP, pri-

. appears that both are affected by charge injection at the con- or to deposition of a SiO 2 layer. For much higher values of V
-, tacts, by space-charge-limited (SCL) current flow, and by or much smaller interelectrode spacing, I has a power law

trapping some of the injected charge carriers. ' Nonethe- dependence on V consistent with SCL current flow in the . -
less, their surface properties are likely to be quite different presence of trapa.' Rose" has shown that a linear I vs V
because of the different energy levels of the surface states, regime precedes SCL current flow if the density of injected • -'-'
which determine the equilibrium position of their surface charge carriers is much smaller than that of the thermally

, Fermi levels'--near midgap for GaAs and near the conduc- generated carriers (or that contributed by ionized impuri-
tion band edge for InP. ties).

113 Jl.V9l. "LTehmoL@2(),Juy-8*pL 10G4 0734-21IX/4/03t12-4401.00 S 1964 American Vasuum SocAsty 51.
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dt -r,
14 - 2dPt

n, is the total steady-state electron density and r, is the time
constant required for the electric field and electron density

.2 to reach steady state. n, is the sum of the initial (time = 0) .
electron density no due to the accumulation layer, and the
steady-state SCL density n, Thus, the above equation may

1.0 - 30Im be written as

di= (no + n,) - n

Z 030 -dt ,.

with solution,

060 n = no + n,(l - e'). (2)

By assuming the electron mobility to be time and position
independent, the time dependent current becomes040 "e I (t ) = Io + l,(l - e - ). (3) •

0This is essentially a first order approximation to the total020 / current, consisting of the superposition of a current 1, a

4 function of the free electron density no in the accumulation
00 v o, is layer, and a SCL current, with a time dependent electron0 100 200 300 400 500 600 density expressed by the second term in Eq. (2). Relations

time,s similar to Eq. (3) have been deduced by Baron et al. 3 for
FiG. I. Current vs time for two-terminal SI inP structures after SiO, surface double injection SCL current measurements made on bulk Si
coating is applied; potential difference V = 4.8 V; two interelectrode spac- biased in the square law Mott-Gurney SCL regime,' and by
ings: 20 and 30

jum. Insert shows typical two-terminal structure current- Dean4 for SCL measurements made on p-type InSb.
voltage characteristics prior to deposition of SiO 2. Same interelectrode Figure 2 illustrates the time and gate-voltage dependent
spacings as above.

evolution of the source-drain current I Ds of a three-terminal
(A-MISFET) structure. Its two-terminal properties were 0

Figure I also shows that following the deposition of an qualitatively in accord with those shown in Fig. 1. For a
SiO 2 layer over the same SI InP specimens, the current mea- constant VDs of 5 V, los was recorded as a function of time
sured at a constant voltage, applied in the form of a step for various values of the gate voltage VG. The data can be
function, has acquired a time dependence: It rises to a quasi- fitted by means of Eq. (3) for each value of VG. In addition,
steady-state plateau and then decays much more slowly. The since In is assumed to be the accumulation current in the
peak currents are some two orders ofmagnitude greater than channel of the A-MISFETand provided Jo = loss, then the
currents measured between the same contacts prior to depo- saturated current of the surface accumulation channel,
sition of the SiO 2. This current depends on the interelectrode in = K (VG - VT)2 (4)
spacing.

From curves similar to those in Fig. I, it was determined as shown by Wieder.'5 VT is a threshold voltage and the
that the current plateau is a function of V", where a>2, and constant of proportionality K is a function of Ci (the capaci-
commonly is -4. On the other hand, it was found that the tance per unit area of the gate insulator), the channel length I
time constant -r of the rise of! (t) is essentially independent of and width z, and of the electron field effect mobility#, such

V Removal of the SiO2 layer from the InP surface eliminates that

. the time-dependent evolution ofl and restores the linear I- V
characteristic shown in the insert.

It is proposed here that the surface charge carrier trans-: port in SI InP, up to and including the plateau in (t) shown 1 V05V

• inFig. 1, proceeds by a combination of SCL current flow in 1.0 -
the presence of trap and the motion of free electrons in the VG,04V
surface accumulation layer. Their relative contributions
may vary, depending on the free carrier concentration. S 4 VS03V
Meiners and Wider" have shown that the equilibrium sur-
face potential of SiO 2 coated SI InP, with n= 2.2x 10 IvG,0 -*
cm - is Vs - 0.39 V, in accumulation. Thus a small accu- 0

mulation current may exist even in the absence of an applied
pate voltage ifra poftetial difference is applied to such a two- ..--.FiG. 2. Drain current vs time as a function of gate voltage VG for an A- .

terninal structure. The SCL current may be derived from MISFET with SiO gate insulator and 20 um long channel. Drain-source
the bt order assumption that the time dependent electron potential is 5 V. Circles represent least-square fit of data to Eq. (3) using
dmity x is ducribed by r, -20,. 90
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K Ci.Azl~l.120 
-0K=C,,js/. (5)---_

In accordance with Eq. (4), Fig. 3 shows that 1'2 is a linear IM

function of V0 , at least down to gate voltage comparable to - so IDom,
VT . The slope of Ia vs V. yields K, and assuming the di- W .
electric constant of the SiO2 layer is 3.9, the field effect mo- V6s04v

bility/uc-900 cm2/V s, a value consistent, with that deter- & 50 _ .
mined on A-MISFET of smaller dimensions using either 20 %.0,
Au-Ge or ion-implanted source and drain contacts.

In Fig. 2, no decay of/(t) is evident, in contrast to experi- o so so Ito no too to
mental data obtained on A-MISFET's of smaller dimen- lims
sions6'|6 but in accordance with 1(t) in Fig. 1, for tOW s. FKc. 4. Drain current vs time as a function of gate voltage VG for a A-
Figure 4, on the other hand, shows that an A-MISFET of the MISFET with AI0 3 gate insulator and 20#m long channel. Drain-source
same dimensions as that which yielded Fig. 2, but having an potential is 5 V. Dashed lines represent least-square fit of data to Eq. (7)
A120 3 gate insulating layer of comparable thickness, con- using T 960.
curs with the measurements made on smaller devices 6 :I (t ) is
dominated by the decay following an initial rise to its peak ly fitted to this expression. Figure 5 indicates that this device,

value Io. The origin oflo is again assumed to be due to surface too, yields the expected linear dependence of 1 /2 on VG.

accumulation. It is thought that more generally, the current may be ex-
If the decay in 1(t) is attributed to the charging of traps pressed as a superposition of Eqs. (3) and (7) as

with a very long time constant r2, then with Q, being the 1 (t) = 1(l - e-/") + loe- ,8)
trapped charge (assumed to be zero initially), It may be seen that Eqs. (3) and (7) are special cases of Eq. 18),

dQ, + _ io = 0 (6) which depend upon the relative contributions of the accu-

dt r2 mulation SCL, and trapping mechanisms. Returning for a

from which may be obtained a time dependent current of the moment to Fig. 1, one may see that both the SCL current

form, rise, and, at longer time, the trap-related decay are in evi-
dence, in qualitative agreement with Eq. (8).

l~ ~1) ---d,= e,/ .  (7)

(7) 120 12
Figure 4 demonstrates that experimental data can be rough-
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IV. DISCUSSION drift in A-MISFErs. In this model, developed by Good-

From the data herein presented, it appears that SCL cur- nick ' ° et al., electrons from the InP channel tunnel ther-
rents may contribute a significant fraction of the current mionically to a conducting 1n20 3 layer within the native ox-
flowing in the surface of dielectric-coated SI InP in weak ide, under the influence of the gate potential. The data in Fig.
accumulation and small to moderate applied electric fields. 4 can be fitted by this model as well. It is, however, not yet S

It is premature as yet to try to develop a model of the com- evident how such a mechanism might affect the decay of I(t)
bined accumulation and SCL current flows. The data pre- in two-terminal structures such as described here.

sented here suggest that the SCL current flow occurs in the
SI material underneath the accumulated layer. However, the ACKNOWLEDGMENTS
possibility that SCL currents may flow in the native oxide We wish to thank Dr. A. Nedoluha for valuable discus-
beneath the synthetic dielectric layer cannot be ruled out. sions and Dr. Carl Zeisse for anneals performed. This work
No contribution is expected from currents flowing in the was supported by Naval Research Laboratories, Contract
synthetic dielectric itself. In large electric fields, such as pro- No. N0014-82-2032.
duced in -0.5 um long channels, Iis a quadratic function of
Vas expected for the trap-filled limit ofSCL currents.' How-
ever, no consistent data of this type has been obtained as yet
for the larger devices used here. 0

SCL theory' ""'7 also indicates that an increase in the free "Supported by Naval Research Laboratories, Contract No. N00014-82-
carrier concentration relative to trapped carriers might be 2032.
expected to yield an increase in the steady state SCL current 'H. H. Wieder, Surf. Sci. 132, 390 (1983).
and a dcrease in r,. It was found that a two-terminal device, 2W. E. Spicer, P. W. Chye, P. R. Skeoth, C. Y. Su. and 1. Lindau, J. Vac.

Sci. Technol. 16, 1422 (1979).
on a SI InP specimen which had been annealed at 675 "C in a 1R. H. Williams, R. R. Varma, and V. Montgomery, J. Vac. Sci. Technol.
P2 overpressure for 10 min prior to deposition of the SiO 2  16, 1418 (1979). •
layer orformation ofthe contacts, had a somewhat larger I (t) 'R. A. Street, R. H. Williams, and R. S. Bauer, J. Vac. Sci. Technol. 17,

and a i, value smaller by roughly an order of magnitude 100 (1980).
compared to those of Fig. 1. There also resulted a greatly IL. J. Brillson, J. Vac. Sci. Technol. 20,652 (1982).6

L. G. Meiners, D. L. Lile, and D. A. Collins, Electron. Lett. 15, 578 (1979).
accentuated decrement in 1(t) beyond its peak value. Thee 7L. J. Messick, IEEE Trans. Electron Dev. ED-28, 218 (1981).
changes may be due to an increase in the free electron density 'M. A. Lampert and P. Mark, Current Injection in Solids (Academic, New

in the vicinity of the surface produced by redistribution of York. 1970). 0
the Fe' acceptors which compensate the residual shallow 'N. Holonyak, Proc. IRE 50, 2421 (1962).

donors. Oberstar"' et al. have found that following the an- 0L. G. Meiners, Proc. SPIE 387, 89 (1983).
dnofrsI. n O at t 800 h fo nd atfmi lwin the Fe raon- "A. Rose, Phys. Rev. 97,1538 (1955).nealing of SI InP at 800 °C for 30 min, the Fe onentration '2L. 0. Meiners and H. H. Wieder, Semi-Insulating 111- V Materials (Shiva

at room temperature, as measured by SIMS (secondary ion Publishing Company, Orpington, Kent, United Kingdom, 1980) pp. 198-
mass spectroscopy) decreased by more than one order of 205.

magnitude from its original value within 0. 8 ym of the sur- "R. Baron, . J. Marsh, and J. W. Mayer, 3. Appl. Phys. 37,2614 (1966). 0

face. This is also consistent with the measurement of Shana- "'t. H. Dean, J. Appl. Phys. 40, 585 (19691.
'"H. H. Wieder, IEEE Electron Dev. Lett. EDL-4, 108 (1983).

brook' et al. which indicates that annealing at 730 . C for 15 "D. L. Lile and M. J. Taylor, J. Appl. Phys. $4, 260 J 1983).min increased the free electron density of SI InP by more '"A. Many and G. Rakavy, Phys. Rev. 126, 1980 J1621.

than an order of magnitude. Annealing at such temperatures "J. D. Oberstar, B. G. Streeman, J. E. Baker. and P. Williams, J. Electro-

is a common practice following ion implantation, but more chem. Soc. 128, 1814 (1981).

data will be required to establish an unambiguous correla- ' B. V. Shanabrook, P. B. Klein, P. G. Siebenmann. H. B. Dietrich, R. L.
Henry, and S. G. Bishop, Semi.Insulating Ill-V Materials (Shiva Publish-tion between the anneal and the SCL current parameters. ing Ltd., Natwick, Cheshire, England, 1982). pp. 310-313.

An alternative explanation to trapping for the decay of/ (t) 20S. . Goodnick, T. Hwang, and C. W. Wilmsen, Appl. Phys. Lett. 44,453

following its peak is presented as a model for slow current (1984).

IJ

.V1
J. Vi. Seol. Toehasi II VoLt , No. t, Julv-4ept. 1Q44



-"q"


